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Ahstract

In space-charge dommated beams the nonlinear space-
charge forces produce a filamenwauon pattern, which
results 1in a 2-component beam consisung of an inner core
and an outer halo. The halo 18 very prominent in
mismatched beams!-3, and the potenual for accelerator
acuvation is of concern for a next gencrauon of ¢w, high-
power proton himacs that could be applied for intense
ncutron generalors to process nuclear materials?. We
present new results about beam halo and the evoluuon ol
space-charge dommated beams from muluparucle
simulavuon of il Jaminar beams 1in a uniform hinear
focusing channel, and from a made! consisting of single
partcle interacthions with a umtomi-density beam  core.
We study the energy gann from partcle interacuons with
the space-charge fhicld ot the core?, and we wlentity the
resonant charactensuc of this anteraction as the basic
cause of the separation of the beam into the two
components® We dentity three different pariicle
wajectory types, and we suggest that one of these types
may lead 1o contimuous halo growth, even alter the halo s
1emoved by cotlumitors,

I. PHASE SPACE DYNAMICS FROM
MULTIPARTICLE SIMULATION

We use multipaticle sunulaton o study the adeahzed
prablem of a round contimuous beam m a untlorm hinein
tocusing: channel with purely ridial locusing.  For the
stunhes described an s paper, the computer code has been
rurt with 3000 sunulation particles through S6 sweps per
plasma penod, We have chosen 1o study the dymamies of
il Gaassem, Luminar (zero-enittanee) beams, where
the il density distnibutbons are truncated at three
standied devigons, In Figs La we show the tadid ore 1
phase space at 20 plasma penoas for an nstad mismateh
parameter M- 1S where the nusmatch patameter gives
the tatto of the inal beam rados 1o the autched nhas
Weassipn an natal posimive tadias (o all particles, hu
donng the simulation a parhicle crosses the axas, we
change the <apn ol the cdiis before plothag a powtine
space B L shows the mner core and tive outer halo
Glhament as distinet structiees A present there s no
estabhished cotenon lor detimng the halo We detine the
core amd the halo by choosng e core cllipse mo 0 spance
with the sipue Couant Savder elhpse pacineiers as the
vns elhpse with an ennttance it we think encloses most
al the core and exd lides most of the halo

Fap Th shows the distibonion ar SO plasana penods,
ol partc e encegpy U versus il patiscle enerpy U e
core appears e the concenteanon ol particles aecamall U

Figure 1.

Results at 20 plasma periods from
muluparticle simulanon of an iniual Gaussian-density
laminar 1n a uniform hnear focusing channel. The mmitial
beam rns size n x s larger than the matched value by a
factor M = LS. We show @) r - r phase space. b) particle
energy U versus the imtial parmicle energy U

All parucle energies are normahzed so that the particle
with the maximum mmtial energy (largest initial radius)
has U; = 1. Fig. 1h shows that after 20 plasma peniods,
the beam does contain particles with U > 1, which have
more cnergy than the most energenc initial particle. The
halo 1s mostly populated by the parucles that have large
mitial energy, e, have large mual radius. However, a
small fracuon ol particles with small mitial radius (only
one such particle s present in the MO0 parucle run and it
1s not vistble w the plot) also populate the halo, and the
fraction of these halo parucles with smatl mitial energy
mereases mpidly wath mereasing nusmatch parmelter.

The charactenisues of the beams atter 20 plasina
peruis are shown n Tabie 1. All parucle energies in
Table 1 are normahized m the same way, o unay for the
mital matched beam case. Column 1 shows the il
mismatech patamerer M. Colinmn 2 shows the values ol
the core emttnce 1o 1ms emitance rato. Colamn 9
shows that the maximum particle energy awreases irom
the mital value by 10% {or the matched case, and
increases by SO % fora nusmatch of M . 2 S The aast
two colmmns show the percentage ot Oinal particle s m the
hato and the percentape of mal parncles wath energy tha
cueecded the maxamum il parncle enerpy 'We see
apan that the pereent ol particles i the halo ancreases
rapidly with ancreasing, nnsniateh, and reaches a value of
aver 309 tor an mutial msoateh parmerr of 205

1. PHASE SPACE DYNAMICS FROM
UNH-ORM DENSITY CORE MODEL,

A Faergy ranyfer Beoween a Ningcle Particle and an
Oseddlating Core

Ta pam some physical msephbt o whan we observe
m the simubisnon, we constder the model of a0 2ero0



emittance, uniform densny beam core of radws R,
propagatng n i wmiorm hnear tocusimg channel. The
wansverse cquation of moton of the beam rads s given
by the envelope cquation

I°R A
AL m(z,k- LA
dr* K

where () 15 the nawral trequency at zero current of a
single particle, and nonrelativisuically K = ¢{2reomy,
where g, m, and v are the charge, mass, and axual velocity
of the partcles, 11s the beam current, and €() 1s the
permeabaluy of free space. For the maiched beam d2Ridi*
= 0 and the maiched beam radius 1§ R = Ry VK / Wy,
The transverse equanon ol moton ol a single west pancle
[

{! A 2 )
——tpx g
dr

where Py s the space charge foree, given tor a unilorm
density by

0,

i { Kr k' xe R

: Y A 1 >R
The particle energy 1s not constant becaase of the space-
charge repulsion of the core. For a maiched core radius,
there s no net chiange in energy averaged over a complete
penod of particle monon. For an oscillating, nmsmatched
core there wall e general be a net change i partcle
energy. Fora small, radially symmetne core nusmatch R
aboul the equalibrium radus Ry, we can write for x < R,

A
1" 3
OO0 AT eost 0,
dt’

Thas

where SR/RO A cos Q21 and Q \/'.‘u)(,.

approxmane result s a o speaal case ot the Matlnen
cquation, and we cxpect penodie solunons m xfor particle
tiequencies below halt the core frequency £ When the
particle frequency as alt the cote osaillauon trequency, we
cxypect aoresonant pro b ot the x amphtude.  ‘The
resotant conditwon requires a constant phase relanonstap

Table |

berween the parucle and the core. We expect that the etiedt
of the nonlinearity outside the core s 10 create i selt lunu
10 the resonance because of the change of trequenc y with
amphtude, which causes a loss ot phase coherence, The
core oscillauon causes a rate of energy gan for a parucle
within the beam core with velocity x|, given by

dt!

di
A parucle that passes through the beam core can enther
gain energy, loose energy, or have no net energy change,
depending on the relative phases of the parugle
displacement. the ransverse velocity, and the core radsus
oscillanion.
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B. Trajeciory Classification

A study of the trajectones of mdividual particles has
been helpful for understanding the dvianucs of the nalo
formation. The uniform core model described above
provides an important reference point for such a study. We
have numencally integrated the waectories of particles
through the field of the uniform core tor the M = 1.5 case,
launching particles with different tniial x values, and
with R . 1.5, K- 0, andx - 0. We tind three distinet
classes of trajectories, which tor the M = 1.S case, we
describe v terms of the mmal x displacement as follows:
a) For x < 1.5 the paricles oscillate in phase with the
core radius about their own equilibrium radius. These are
stable radhial plasma oscillations within the core, and we
refer to these orbits as plasma trajectones, b) Forx > 2.0
the particles oscillate about the ongm with an orbit in
phase space that looks like an cllhipse that s pinched
inward along the velocny axis (the pinclhing as caused by
the space charge foree of the core). The amphitudes are
vanable and each orbit 1s confmed to a narrow band in
phase space. These paructes occupy the halo and we call
these orbits betatron uagectories. ¢) Finally, for 1.5 < x <
2.0 the parucles execute a more complex monon, They
may mtzally spend pan of the timie eaccutig, plasma like
osciflanons withi the core, atter which they move into
the proper phase relationship with respect o the core
oscillations such that they can gan energy and move nto
an outer betatton hke orbit i the halo, These parucles
can albse reverse the pattern and aetum from the outer

Beaun Halo Charactensties at Q2O Plasma Penexds (o
Besuns with Difterent Tmta! Misnuteh
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betatton hke orbit e the halo o plasma ke ot
withun the core We teter (o these s hvbiad agectones,
aned we Lind that i these paricle s thiar e most stongty
Atecied by resommt encipy tanster with the osailiating
cone, which can canse either eneggey loss mto the core,
cucipy pam mto the halo Fgaaee 0 shows exvamples of
these gectones e phase space taed 0 0 con
asedBion penads vang the unsborm core v ded, wath
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core radias oscillabon are shown on cach of the plore,
cxtending from v TOSHY o LSO These
cvamples show o pue plaane wgedtory an by ta, a
hyboud icgeaory that b oot ver deft the core i by My,



a hvbrid vaectory i the haloom Fre 20 and a penoda,
betaron tanectons in the hatoan Fag 2d

The discevery of the hyvbod trieciones s important
because of the rmphcanons for the e'ltecuveness o!
colhmaunon  Suppose at a given ume the beam 1y
collimated o remove the easong hato. Any such
collimation procedure, even f camed out under the most
wdeal ol arcumstances, woukd be able o remove only the
parhcles with betatron trajectonies and the particles with
hyvbnd tragectones, which at that nme populate the halo.
Any hybnd orbits that are wathun the core at the tone of
collimanon miy be expecied to pamn energy at some later
tume and repopualate the halo. Theretore, while collimauon
does some good, 1its etfecnveness would be limited by the
pereentage ot hybnd parncles that woukd repopulate the
core within the tnme scale ot interest. Although this may
appear 10 be it senous lmanon of the cothmaton, 1
appeans i the untforme beamy model that the 1.5 mismach
case s oapproxaimately x 2.7 For thes example
colimanon at a radius of 1.5 units could sull be ettecuive
i linndimg, the amplitudes to dess than v 427,
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